Background: Metastatic breast cancer exhibits diverse and rapidly evolving intra-and inter-tumor heterogeneity. Patients with similar clinical presentations often display distinct tumor responses to standard of care (SOC) therapies. Genome landscape studies indicate that EGFR/HER2/RAS "pathway" activation is highly prevalent in malignant breast cancers. The identification of therapy-responsive and prognostic biomarkers is paramount important to stratify patients and guide therapies in clinical oncology and personalized medicine. Methods: In this study, we analyzed matched pairs of tumor specimens collected from 182 patients who received neoadjuvant systemic therapies (NST). Statistical analyses were conducted to determine whether EGFR/HER2/RAS pathway biomarkers and clinicopathological predictors, alone and in combination, are prognostic in breast cancer. Findings: SIAH and EGFR outperform ER, PR, HER2 and Ki67 as two logical, sensitive and prognostic biomarkers in metastatic breast cancer. We found that increased SIAH and EGFR expression correlated with advanced pathological stage and aggressive molecular subtypes. Both SIAH expression post-NST and NST-induced changes in EGFR expression in invasive mammary tumors are associated with tumor regression and increased survival, whereas ER, PR, and HER2 were not. These results suggest that SIAH and EGFR are two prognostic biomarkers in breast cancer with lymph node metastases. Interpretation: The discovery of incorporating tumor heterogeneity-independent and growth-sensitive RAS pathway biomarkers, SIAH and EGFR, whose altered expression can be used to estimate therapeutic efficacy, detect emergence of resistant clones, forecast tumor regression, differentiate among partial responders, and predict patient survival in the neoadjuvant setting, has a clear clinical implication in personalizing breast cancer therapy.
Introduction
Breast cancer is the second leading cause of cancer-related death among women in the United States (Siegel et al., 2016 ). An estimated 231,840 patients were diagnosed with breast cancer and 40,450 of them died of metastatic diseases in 2016 alone (Siegel et al., 2016; DeSantis et al., 2014) . Increased screening, improved mammary imaging technologies, and targeted therapies have contributed to significant decreases in morbidity and mortality since the 1970s, and now more than 90-percent of patients with early-stage breast cancer survive longer than five years (Graham et al., 2014; DeSantis et al., 2015) . Despite great scientific advancements and major clinical breakthroughs, patients diagnosed with invasive and malignant breast cancer still have a poor prognosis (Penault-Llorca and Radosevic-Robin, 2016; Rakha et al., 2008; Perou et al., 2000) . The average survival for women diagnosed with metastatic disease is less than 2 years, despite aggressive therapies such as surgery, radiation, and chemo-, immuno-and targeted therapies (Graham et al., 2014; Swain et al., 2015; Zardavas et al., 2013; Baselga et al., 2012; Weigelt and Peterse, 2005) . State-of-the-art treatment modalities, such as anti-HER2 therapy, anti-ER therapy, anti-PI3K and antimTOR therapy, tumor genome-guided combination therapies, stem cell therapy, and anti-CTLA-4/PD1 immunotherapy, alone or in combination, are not curative in eradicating metastatic breast cancer (El Saghir et al., 2011; McKeage and Perry, 2002; Romond et al., 2005; Piccart-Gebhart et al., 2005; Robert et al., 2006; Engelman, 2009) . This is because invasive mammary tumors have tremendous inter-and intra-tumor heterogeneity that becomes more pronounced and diversified in metastatic diseases; therefore, effective therapies need to be personalized to shutdown the core tumor-driving pathways that promote resistant tumor clonal expansion in breast cancer.
Neoadjuvant systemic therapies (NST), such as cytotoxic, endocrine, targeted-and/or antibody-based agents, are routinely used to reduce tumor burden and control aggressive tumor growth in locally advanced, high-risk and malignant subtypes (King and Morrow, 2015) . An increasing number of breast cancer patients with triple-negative breast cancer (TNBC), HER2-positive, inflammatory, invasive or basal-like breast cancer received NST prior to surgical resection (Arteaga et al., 2012; King and Morrow, 2015; Thompson and Moulder-Thompson, 2012; Nagayama et al., 2014) . Preoperative NST provides a valuable window of opportunity for in vivo monitoring of tumor responses in real time, allowing evaluation of the antitumor therapeutic efficacy of a given therapy and, thus, offers invaluable prognostic information to predict outcome and survival. Patients who had "complete" responses to NST, with no residual tumor based on pathological analysis of breast tissues, survived longer than patients who had incomplete responses (Morrow, 2016; Wang-Lopez et al., 2015; Cortazar et al., 2014; Parinyanitikul et al., 2015; Petrarca et al., 2011) . Therapy-induced tumor shrinkage measured by imaging technology in the clinicopathological settings can be used to distinguish effective versus ineffective NST and identify "complete" responders versus "non-responders" in clinical settings. However, determining therapeutic efficacy and quantifying tumor responses to a given therapeutic modality among "partial" responders-the largest percentage of breast cancer patients-remains a major challenge (Bulfoni et al., 2016; Falkson et al., 1992) . Currently, there are no reliable clinical biomarkers that can be used to consistently predict survival and differentiate partial responders whose tumors regressed significantly versus the ones whose resistant tumor clones started emerging after tumor debulking post-NST.
In addition to imaging-guided technology to monitor the therapy efficacy, sensitive and reliable biomarker panels should be developed in the neoadjuvant setting to select, quantify, and optimize first-line therapies to treat locally advanced breast cancer. Breast tumor biomarkers such as ER, PR, and HER2 do not correlate with tumor response nor do they predict patient survival in high-grade, therapy-resistant, invasive and metastatic diseases (Tevaarwerk et al., 2013; Gown, 2008; Chen et al., 2012; Onitilo et al., 2009; Joensuu et al., 2013; Parise and Caggiano, 2014; Prat et al., 2015) . Importantly, the clinical reality is that there is little to no flexibility in changing standard therapy once it is started. As a result, most patients with malignant tumors, especially those who only "partially" respond to a given therapy, have to endure the toxicities of the full regimens, often waiting months or years for tumor relapse, progressive diseases, and systematic metastasis before knowing whether the prescribed regimens were effective in eradicating their tumors. Patients who receive ineffective first-line therapies or experience therapy-induced resistant tumor clonal expansion will miss an important window if no effective follow-up therapy is added in a timely fashion to remedy the inadequacy. A majority of breast cancer patients fall under this category of "partial responders" and face uncertain futures. There is a pressing need to identify reliable and robust prognostic biomarkers to closely monitor tumor regression in real time, and importantly, to determine whether first-line therapies prescribed are effective against high-risk and invasive mammary tumors.
Although oncogenic K-RAS mutations are rare in mammary tumors (observed in about 5-percent of patients), genomic studies have indicated that the EGFR/HER2/K-RAS "pathway" is activated in a large proportion of aggressive and malignant breast cancers (Arteaga et al., 2012; Foulkes et al., 2010) . EGFR/HER2/K-RAS activation has been correlated with shortened survival, resistance to therapy, and tumor relapse despite aggressive treatments in breast cancer (Tebbutt et al., 2013; Wright et al., 2015) . As a major tumor-promoting signaling pathway, we investigated whether EGFR/HER2/RAS pathway biomarker expression can be added to evaluate therapy efficacy and predict patient survival in breast cancer. In this study, we report that activation or inactivation of the tumor-promoting RAS pathway biomarkers, SIAH and EGFR, is associated with tumor progression versus regression in mammary tumors post-NST. We find that NST-induced reduction of SIAH and EGFR expression can be used as surrogate prognostic biomarkers to quantify therapeutic efficacy, determine tumor responses, detect emerging resistant clones, and predict survival in invasive breast cancer, regardless of tumor heterogeneity, in the neoadjuvant setting.
Materials and Methods

Ethical Statement
With the proper approval by two Institutional Review Boards (IRB) at Eastern Virginia Medical School and Sentara Hospital Systems, this clinical study was conducted in full compliance of HIPAA regulations to protect patient privacy and confidentiality.
Patient Selection
This research project was designed and executed as per REMARK and RECIST criteria for tumor biomarker studies (McShane et al., 2005; Altman et al., 2012; Eisenhauer et al., 2009 ). This retrospective study was conducted using data from breast tumor tissue collected from all patients diagnosed with invasive and high-risk carcinoma of the breast between August 2007 and December 2010. A cohort of 182 women was identified who received NST treatment, and then surgical resection under the care of Sentara Hospital Systems. Clinicopathological and treatment course data were extracted and de-identified following extensive chart review of patients' electronic medical records in Sentara's EPIC database (Table 1 ). All patients received standard NST regimens as prescribed by their oncologists following NCI guidelines (Supplemental Table S1 ). Patients typically received a combination of chemotherapies (anthracyclines, alkylating agents, taxanes, and/or metabolic inhibitors), plus hormone and/or anti-HER2 therapies in conjunction. Post-NST, all patients underwent surgical resections, performed by 24 local surgical oncologists, to excise their primary tumors (either total mastectomy, radical mastectomy, modified radical mastectomy, segmental mastectomy, or lumpectomy) (Supplemental Table S1 ). The date of diagnosis was defined as the date of initial fine-needle aspiration biopsy of the primary breast tumor that led to the initial diagnosis. The only selection criteria were the availability of the matched pre-and post-NST tumor biospecimens. Study endpoints were determined either by the date of patient death, or the last documented follow-up examination at time of chart review. Data on tumor stage at diagnosis (pathological and clinical), treatment courses including neoadjuvant and adjuvant therapies (chemotherapy, hormone therapy, and/or antibody therapy), patient outcome (cancer remission, metastasis, or recurrence), and vital status were obtained per review of patients' records (see Table 1 and Supplemental Table S1 ). Data were collected on tumor histological type, size, pathological grade, hormone receptor (ER and PR) or HER2 expression, lymph node status, and response to NST from pathology reports in EPIC.
Pathology Samples
Following the dual IRB approval at EVMS and Sentara, we collected tumor samples and clinical data from a total of 182 patients with primary operable breast tumors, including 364 paraffin-embedded tumor Histology and pathology analyses were performed by two boardcertified clinical pathologists, JSW and CFO. Pathology and immunohistochemistry protocols have been optimized to detect the ER, PR, HER2, EGFR, phosphorylated ERK (phospho-ERK), Ki67, and SIAH expression from the matched pairs of tumor blocks pre-and post-NST. All staining and pathological analyses were conducted at the Pathology Sciences Medical Group and Sentara Norfolk General Hospital's Pathology Unit under the supervision of J.S. Winston, M.D., a breast disease expert and clinical pathologist who identified representative tumor paraffin blocks, coordinated and guided the pathological study, controlled the quality of the IHC staining, and scored the slides independently along with C.F. O'Connor in a double blind fashion. The diagnostic tumor needle biopsy pre-NST and surgically resected tumor tissues post-NST were selected for serial immunohistochemistry (IHC) staining and clinicopathological studies.
Immunohistochemistry
Four-micrometer tissue sections were cut from tumor paraffin blocks and slides were stained using Ventana Benchmark Ultra, according to the manufacturer's protocol. The IHC experiments were carried out using monoclonal anti-EGFR (Ventana clone 5B7, pre-diluted, Ventana Medical Systems Cat# 790-4347, Roche, USA, RRID:AB_2617183), monoclonal anti-phospho-ERK (1:750 dilution, Cell Signaling, Danvers, MA, RRID:AB_331646), monoclonal anti-SIAH 24E6H3 (1:40 dilution, Novus, CA, RRID:AB_1217916), monoclonal anti-Ki67 (1:100 dilution, Dako, Denmark, RRID:AB_2142367), monoclonal anti-ER (Ventana clone SP1, pre-diluted, Roche, USA, RRID:AB_2335977), monoclonal anti-PR (Ventana clone 1E2, prediluted, Roche, USA, RRID:AB_2335976), and monoclonal anti-HER2 (Ventana clone 4B5, pre-diluted, Roche, USA, RRID:AB_2335975) antibodies. The IHC was performed on a BenchMark ULTRA fully automated IHC/ISH staining instrument (Ventana Medical Systems, Inc., Tucson, AZ).
Tumor Block Review and the Immunohistochemical Quantification
Original hematoxylin and eosin (H&E) and immunohistochemistry (IHC) slides used for clinical diagnosis collected pre-and post-NST for each patient (1-3 slides per patient) were independently reviewed and scored in a double blind manner by JSW and CFO. Slides stained for ER, PR, Ki67, or SIAH, were scored using the percentage of positive IHC staining within the tumor. Slides with a score discrepancy of greater than 10-percent were then dually re-evaluated by two pathologists together to reach a final consensus score. Slides stained for HER2 or EGFR were scored as 0 (no membrane staining), 1+ (partial membrane staining), 2+ (complete membrane staining in less than 30% of the tumor cells), or 3 + (complete membrane staining in more than 30% of the tumor cells). Slides stained for phospho-ERK were scored as the percentage of tumor cells with cytoplasmic staining. All histology images presented were captured at 400-fold magnification using a Leica compound microscope and Leica DC500 digital camera.
Statistical Analyses
Overall survival times ranged from 230 days (0.6 years) to 2438 days (6.7 years), with a median survival of 1610 days (4.4 years). For patients initially diagnosed without distant metastasis, time of distant recurrence-free survival was calculated either as the number of days from the date of initial diagnosis until the date of first documented metastasis per imaging studies, or censored at the date of last documented followup evaluation listed in the EPIC database (as of August 31, 2014) .
To describe the data, medians and interquartile ranges (IQR) were used for continuous variables while frequencies and percentages were used for categorical variables. Spearman's correlation coefficients were calculated to evaluate correlations among clinicopathological and molecular biomarker variables ( Table 2 ). The Kaplan-Meier method was used for all survival curve analyses. In univariate analysis, the log-rank test was used to calculate the difference in survival for categorical variables. The Cox proportional hazards model was used for continuous variables; this model was also used for multivariate survival analyses of the association of survival with patient age, tumor size, molecular subtypes, stage, presence of lymph node metastasis, and the level of ER, PR, HER2, phospho-ERK, Ki67, SIAH, or EGFR (Table 3) . The proportional hazards model assumptions were verified using the log-transformation plot; goodness-of-fit of the models were checked by martingale and deviance residual plots. The time-dependent receiver operating characteristic (survival ROC) was applied to display and compare the sensitivity and specificity of the predictive models based on the multivariate survival analysis (Heagerty and Zheng, 2005) . The survival ROC curves were used to accommodate the time-dependent nature and censoring in the survival data. All P-values calculated were two-sided. A P-value of less than 0.05 was considered statistically significant. Statistical plots were generated using R software Version 3.2.1 (R Core Team, 2015).
Results
Increased Expression of SIAH and EGFR, Two RAS Pathway Biomarkers, are Correlated With Advanced Tumor Grade and Aggressive Molecular Subtypes
It is challenging to predict accurately which individual breast cancer patients will benefit from standard therapies and which ones will not, based on the existing biomarker panels and advanced imaging technology. Consistent with the published literature, the increased pathological stage and aggressive molecular subtypes were correlated with poor clinical outcome and reduced patient survival ( Fig. 1A and B) , while increased tumor grades were not associated with survival at 7-years (Fig.  1C) . To demonstrate the prognostic values of the tumor-driving RAS pathway biomarkers in high-risk breast cancer patients, we compared altered expression levels of 4 biomarkers in the RAS pathway in the paired tumor biospecimens collected in pre-and post-NST (Fig. 1D) . That includes two upstream receptors (HER2 and EGFR), a mid-stream kinase (phospho-ERK) and the most downstream E3 ligase (SIAH) in paired tumor biospecimens collected from 182 breast cancer patients who received NST at Sentara Hospitals. The 4 mammary tumor biomarkers, HER2, ER, PR and Ki67, were utilized as internal controls for this study. Among all the 182 treatment-naive needle biopsy tumor biospecimens, SIAH expression was detected in 97.8% of all the SIAH IHC slides -52.2% of them displayed a high SIAH expression level that marked more than 30% of tumor cells, whereas 45.6% of them displayed a low SIAH expression that marked equal or less than 30% of tumor cells; Similarly, EGFR expression was detected in 26.4% of all the EGFR IHC slides, with an EGFR score that was higher than 1; and phospho-ERK expression was detected in 75.8% of the phospho-ERK IHC slides (Table 1) . As controls, HER2 was detected in 20.9% of treatment-naïve tumor biospecimens, ER in 57.7% and PR in 51.6% (Table 1) . SIAH expression was associated with active tumor cell proliferation, and it was robust, tumor-specific, and therapy-responsive ( Fig. 1 and Supplemental Fig.  S1 ). Mean levels of SIAH, EGFR, and Ki67 increased with tumor grade and aggressive molecular subtypes at treatment-naïve tumors ( Fig. 1E and G). Increased tumor grade and aggressive molecular subtype exhibited a much higher level of endogenous SIAH or EGFR expression preand post-NST in breast cancer ( Fig. 1F and H) .
A marked Reduction of SIAH and EGFR Expression Post-NST is Correlated With Tumor Regression, as Reflected in the NST Efficacy and Increased Patient Survival
We hypothesized that effective NST, which has been shown to slow tumor growth and reduce tumor volume, would inactivate or decrease the RAS pathway signal that drives mammary tumor progression and metastasis. Ineffective therapy would therefore neither impede the active RAS pathway signal nor inhibit tumor growth. Importantly, therapy-resistant tumor clones can be easily identified by SIAH-positive staining in the surgically resected tumors post-NST. Thus, loss of and/ or decrease in SIAH expression, which reflects the inactivation of this tumor-promoting RAS pathway, may serve as a reliable indicator of an effective NST modality. In contrast, persistent SIAH expression, reflecting RAS pathway activation, may serve as a reliable predictor of an ineffective NST modality and a sensitive readout of emerging resistant clones in invasive breast cancer.
Compared to the mean expression levels of SIAH, EGFR, and Ki67 in treatment-naïve tumors ( Fig. 1E and G) , SIAH, EGFR, and Ki67 expression decreased significantly in a majority of resected tumors post-NST, suggesting that current standard NST is effective in suppressing mammary tumor growth ( Fig. 1F and H) . The pattern of the mean level of SIAH, EGFR and Ki67 expression remained similar and statistically significant pre-and post-NST, correlated with grades, stages and molecular subtypes ( Fig. 1E-H) . In contrast, mean levels of phospho-ERK expression decreased with increased tumor grades (Fig. 1E) . The NST-induced loss of SIAH expression could be used to identify super-responders and partial responders with good outcome and best survival ( Fig. 1I and Supplemental Fig. S1A , S1C and S1E), whereas the persistent high SIAH expression post NST seemed to identify non-responders and partial responders with poor outcome and reduced survival ( Fig. 1J and Supplemental Fig. S1B , S1D and S1F).
The Prognostic Value of SIAH and EGFR Expression in Breast Cancer Preand Post-NST
To determine whether the therapy-induced reduction in SIAH, EGFR and Ki67 pre-and post-NST have added prognostic values in breast cancer, we conducted statistical analyses to examine the clinical outcome of the breast cancer patients whose tumors retained high SIAH/EGFR/Ki67 expression post-NST, versus that of the patients whose tumors lost SIAH/EGFR/Ki67 expression completely or partially post-NST when compared to their treatment-naïve tumors. We segregated treatmentnaïve tumors (182 of them) into two roughly equal groups: "high" SIAH expression (N30% positive tumor cells) and "low" SIAH expression (≤30% positive tumor cells). At the time of diagnosis prior to NST, about 50% patients had tumors with high SIAH expression and another 50% patients had low SIAH expression (Table 1 ). The same criteria of high (N 30%) or low (≤ 30%) SIAH expression was applied to the surgically resected tumors post-NST. Following clinical classification, high EGFR expression is defined as N1 + (score of 2 + or 3 + ); while negative or low EGFR expression is defined as ≤ 1 + (score of 1 + or 0) in tumor cells. About 50% patients had tumors with high Ki67 expression (N10% positive tumor cells) and another 50% patients had low Ki67 expression (≤10% positive tumor cells) pre-NST. The same criteria of high (N 10%) or low (≤10%) Ki67 biomarker expression was applied to the surgically resected mammary tumors post-NST (Table 1) . By performing the univariate analysis over a 7-year period, we found that ER, PR, SIAH, and EGFR expression was statistically associated with survival (log-rank P b 0.05) (Fig. 2) . The ER and PR positivity in luminal breast tumors was a biomarker of extended survival ( Fig. 2A and B ). In contrast, the level of HER2, phospho-ERK or Ki67 expression was not associated with tumor response or patient survival (Fig. 2C and data not  shown) . Activation of the EGFR/SIAH pathway is indicative of tumor progression, while its inactivation is indicative of mammary tumor regression post-NST. Hence, low levels of SIAH and/or EGFR expression post-NST correlated with tumor regression and increased survival, whereas high levels of SIAH and/or EGFR expression in tumor biospecimens pre-and post-NST were associated with progressive diseases, therapy-induced resistance, metastasis to sentinel lymph node and beyond, and decreased survival (Figs. 1 and 2 ). Univariate analysis showed that the endogenous SIAH/EGFR expression in mammary tumors pre-and post-NST, and therapy-induced reduction in SIAH or EGFR expression post-NST, were prognostic of patient survival (Fig.  2D-I) .
The Prognostic Value of SIAH and EGFR in Metastatic Breast Cancer
Univariate analyses showed an added prognostic value of SIAH and EGFR, to predict tumor response, therapy efficacy and patient survival in breast cancer (Fig. 2) . Clinically, the detection of sentinel lymph node (LN) metastases at diagnosis is clearly associated with a reduced survival in breast cancer (Penault-Llorca and Radosevic-Robin, 2016; Jatoi et al., 1999; Weigelt and Peterse, 2005; Ozmen et al., 2015; Gipponi et al., 2004; Rakha et al., 2012) . Cancer-related deaths occurred only in patients whose tumors had spread to the sentinel lymph nodes (LN) and beyond. Increased SIAH, EGFR and Ki67 expression were detected in metastatic breast cancer, including malignant tumors that had invaded sentinel LN, and/or metastasized to distant organs, as compared to mammary tumors with no detectable LN metastases (Figs. 1  and 3 , and Table 1 ). Here, our survival analyses were further stratified by LN status. All patients without LN metastases survived for the 7-year duration of this study, and thus their 5-7 years survivals are independent of tumor grades, pathological stages, molecular subtypes, and biomarker expression (Fig. 4) . Importantly, we found that SIAH and EGFR have additional prognostic values to predict patient survival in metastatic breast cancer (Figs. 3 and 4 ). Among patients with LN metastases, the therapy-induced reduction in SIAH expression seemed to correlate with increased survival; i.e., the patients with low SIAH expression in both pre-and post-NST settings have the best prognosis and the greatest survival benefit despite their invasion phenotypes, whereas patients with high SIAH expression in both pre-and post-NST settings have the worst prognosis, suggesting that either ineffective therapy was administered or therapy-induced resistant tumor clones were emerging (Figs. 3A, C-F, 4A, B and C) . The patients with high SIAH expression at diagnosis and low SIAH expression post-NST have intermediate survival, suggesting that an effective NST modality was administered to inhibit tumorigenesis (Figs. 3A, 4A , B and C). Among patients with LN metastases, the therapy-induced reduction in EGFR expression is statistically significant to correlate with increased survival (Figs. 3B, C-F, 4D , E and F). Patients with low EGFR expression in both pre-and post-NST settings have the best prognosis despite their invasive phenotypes and LN positivity, whereas patients with high EGFR expression in both pre-and post-NST settings have the worst prognosis, and patients with high EGFR expression at diagnosis and low EGFR expression post-NST have intermediate survival (Figs. 3B, 4D, E and F). In the cases of persistent high EGFR expression post-NST, additional anti-EGFR therapy should be added to control these therapy-refractory and EGFR-positive mammary tumors that have metastasized.
Multivariate Survival Analysis
To demonstrate the clinical prognostic values of SIAH and EGFR in breast cancer, we performed multivariate analyses of 7 molecular biomarkers (SIAH, EGFR, phospho-ERK, ER, PR, HER2 and Ki67) and compared them to 4 clinicopathological predictors (pathological stages, molecular subtypes, tumor size and LN positivity). ER, PR, HER2 and Ki67 were used as biomarker controls. Variables that were significantly associated (P b 0.05) with patient survival included molecular subtype, histology, tumor size, Ki67 expression at diagnosis, SIAH expression post-NST, and a NST-induced reduction in EGFR and Ki67 expression in patients with metastatic diseases (Fig. 3 , Table 2 and Table 3 ). Older age pre-NST and high SIAH expression in tumors post-NST were significantly associated with reduced survival (Table 3) . Survival curves, stratified by LN status, showed that a significantly smaller proportion of patients whose invasive tumors had high levels of SIAH and EGFR pre-and post-NST survived for 7 years post-NST, compared to patients whose invasive tumors had low levels of SIAH and EGFR expression pre-and post-NST (Fig. 4 and Table 3 ).
Multivariate time-dependent survival receiver operating characteristic (survival ROC) and area under the curve (AUC) plots were generated to determine the ability of various combinations of 7 molecular biomarkers and 4 clinicopathological predictors to predict patient survival (Fig. 5) . Of all biomarker combinations analyzed, SIAH, EGFR and SIAH/EGFR combination had the highest AUC and ROC values in predicting patient survival (Fig. 5A , B and C, and Fig. 5G, H and I) . Notably, these two RAS pathway biomarkers alone have demonstrated an impressive prognostic power that is comparable to that of the clinical gold standards, i.e., LN metastases and/or 4 clinical predictors in combination (Fig. 5D , E, and F, and Fig. 5J, K and L) . The prognostic values of SIAH and EGFR are far superior to that of Ki67, and/or ER, PR, and HER2 -the universally used biomarker standards in breast cancer clinics (Fig. 5A , B and C, and Fig. 5J, K and L) . The ROC and AUC analyses demonstrated that clinicopathological predictors are still a reliable predictor of patient survival at 5-7 years, and we discovered that SIAH and EGFR are highly prognostic in breast cancer (Fig. 5) . It is important to note that the prognostic values of SIAH and EGFR are comparable to the best clinical prognostic tools available in metastatic breast cancer (Fig.  5) .
Discussion
The confounding clinical reality is that cancer patients with similar clinical diagnoses often exhibit diverse tumor responses and varied survival following standard-of-care therapies, emphasizing the clinical need and intellectual challenges of personalized medicine in breast cancer (Tevaarwerk et al., 2013; Gyorffy et al., 2015; Zardavas et al., 2015; Vogelstein et al., 2013) . There is a pressing need to develop and incorporate reliable prognostic tools that can determine which invasive mammary tumors are most likely to benefit from the prescribed neoadjuvant and adjuvant modalities, given intrinsic tumor heterogeneity and the emergence of resistant clones post systemic therapy (Zardavas et al., 2013; King and Morrow, 2015; Hutchinson, 2010; Coley, 2008; Holohan et al., 2013; Haddad and Goetz, 2015) . Molecular assessment tools can be combined with clinicopathological predictors to identify unique tumor vulnerability, optimize therapies, forecast tumor response, estimate risk of recurrence and predict survival, include Oncotype DX and MammaPrint (Gyorffy et al., 2015; Sparano et al., 2015; Albain et al., 2010) . Despite great promises, these multigene prognostic tools require clinical refinements to increase prognostic accuracy (Gyorffy et al., 2015; Oakman et al., 2010; Goncalves and Bose, 2013) . Therapy-responsive and growth-dependent biomarkers are needed to identify which patients' tumors are responding to the given therapies, independent of mammary tumor heterogeneity, so that effective therapy can be tailored and enhanced in response to the emergence of resistant tumor clones in real time. Hence, new techniques are needed to select the most effective first-line therapies for breast cancer patients with metastatic diseases to extend their survival (Weigelt et al., 2005; Yap et al., 2012; Gerlinger et al., 2012) .
The administration of NST has become a standard therapy for breast cancer patients with invasive, inflammatory and high-risk disease (Swain et al., 2015; Zardavas et al., 2013; King and Morrow, 2015; Tevaarwerk et al., 2013) . NST reduces tumor burden before surgical resection, and it provides a valuable opportunity to assess therapy efficacy using pre-operative and post-operative tumor biospecimens (Graham et al., 2014) . Patients have achieved complete tumor remission based on clinicopathological analysis post-NST, have increased disease-free survival (Thompson and Moulder-Thompson, 2012; Morrow, 2016; Schott and Hayes, 2012) . Identifying patients as "super-responders", "partial responders" and "non-responders" using an improved panel of logical, integrated and robust molecular biomarkers could help oncologists identify effective first-line therapies for patients with high-risk and malignant breast cancer. Therapies for invasive and high-risk breast cancer (luminal, basal-like, HER2-positive and TNBC) are often selected based on tumor ER, PR and HER2 status as well as clinicopathological predictors such as age, tumor size, stage, lymph node status, local invasion and systemic metastasis (Baselga et al., 2012; Bevers et al., 2009; Redden and Fuhrman, 2013; Tolaney et al., 2015) . However, ER, PR, and HER2 expression in high-grade, therapy-resistant, invasive and metastatic mammary tumors does not correlate with progression-free or overall survival, nor predict tumor response to NST (Tevaarwerk et al., 2013; Gown, 2008; Chen et al., 2012; Onitilo et al., 2009; Parise and Caggiano, 2014; Prat et al., 2015) . As a major tumor-promoting pathway, RAS pathway activation/inactivation is ideally positioned to serve as a therapy-responsive, tumor heterogeneity-independent, and growth-dependent prognostic biomarker in breast cancer. Here, we conducted a retrospective study to determine whether the RAS pathway biomarkers can be added to evaluate tumor response and therapy efficacy, forecast patient survival, and predict which patients with invasive breast cancer are likely to benefit from standard NST regimens, or which patients will benefit from additional regimens after ineffective first-line therapies are identified. SIAH function is required for proper HER2/EGFR/K-RAS signal transduction, cancer cell proliferation and survival (Schmidt et al., 2007; Ahmed et al., 2008; Qin et al., 2015; Tang et al., 1997; Adam et al., 2015) . SIAH is expressed in proliferating tumor cells. We have previously associated increased SIAH expression with the progression of ductal carcinoma in situ (DCIS) to invasive carcinoma (Behling et al., 2010) . We showed that combining five molecular biomarkers (EGFR, SIAH, phospho-ERK, Ki67 and HIF1α) in the oncogenic K-RAS/Ki67/HIF1α pathways, with four clinicopathological predictors can be used to predict patient survival post surgery in human pancreatic cancer (Qin et al., 2015) . Other groups have shown that SIAH expressed in breast cancer (Wright et al., 2015; Palmieri et al., 2009; Bruzzoni-Giovanelli et al., 2010; Confalonieri et al., 2009; Chan et al., 2011) . Importantly, we were the first group to demonstrate the efficacy of an anti-SIAH-based anti-K-RAS and anticancer strategy to shutdown the "undruggable" oncogenic K-RAS activation and successfully block oncogenic K-RAS-driven tumorigenesis in several animal models of human cancer (Schmidt et al., 2007; Ahmed et al., 2008; Van Sciver et al., 2016; Wong and Moller, 2013) .
SIAH expression reflects RAS pathway activation, cell proliferation, and tumor growth (Schmidt et al., 2007; Ahmed et al., 2008; Tang et al., 1997) . As a therapy-responsive and tumor heterogeneity-independent RAS pathway biomarker, SIAH is uniquely positioned to identify super-responders, partial-responders, and non-responders in the neoadjuvant setting to allow real-time monitoring, augmentation and quantification of therapy efficacy, to improve clinical outcome and patient survival (Fig. 6, a schematic illustration) . We found that SIAH is a robust, tumor-specific and therapy-responsive tumor biomarker that can be used to identify which patients are most likely to benefit from a given NST regimen as a first-line therapy, and which patients should receive additional augmented and combinational therapies in the case of ineffective NST (Figs. 2, 3, 4 and 5). Independent of therapy-induced tumor debulking, SIAH expression post-NST appears to have important prognostic value to detect the emergence of resistant tumor clones, differentiate among partial responders, forecast tumor relapse or remission, and predict survival in malignant breast cancer (Fig. 6) .
Despite showing promising prognostic potential, there are several limitations to consider when interpreting our results. It is retrospective in design and included a limited number of 182 breast cancer patients. Up to 7 years post initial diagnosis, survival was shortest among patients whose tumors spread to the lymph nodes and beyond, whereas patients with node-negative mammary tumors all survived for 7-years (Figs. 3, 4 and 5). A longer study (10-15 years) will be followed up to determine the prognostic power of SIAH and EGFR in noninvasive mammary tumors. Although the survival curves indicate that reduced levels of SIAH and EGFR post-NST are good prognostic biomarkers that predict effective treatment, and tumor remission (Figs. 2, 3, 4 and 5) , the ultimate clinical incorporation of SIAH and EGFR in metastatic breast cancer will require large-scale and independent validations at multiple NCIdesignated comprehensive cancer centers.
Our study identified that roughly 20% of locally advanced and metastatic mammary tumors have upregulated EGFR, and that EGFR expression levels decrease post-NST (Figs. 1 and 3 , and Table 1 ). EGFR expression is associated with aggressive molecular subtypes such as TNBC subtype independent of LN status, and HER2 + subtype with LN metastases. Post NST treatment, EGFR expression persisted in TNBC subtype independent of LN status, suggesting that anti-EGFR therapy is likely to offer additional therapeutic benefits to the patients with therapy-refractory and EGFR-positive TNBC tumors (Fig. 3B ). Our findings may be important because they indicate that FDA-approved anti-EGFR therapeutics should be added to treat TNBC patients whose tumors are therapy-refractory and EGFR-positive. By comparing the percentage reduction in SIAH or EGFR expression pre-and post-NST, we will be able to identify and quantify super-, partial-and non-responders among breast cancer patients who received standard therapies. Successful validation of the prognosis of these RAS pathway biomarkers among "partial responders" with invasive breast cancer may have clear clinical impact (Fig. 6) . As a control, Ki67 has shown limited or contradictory prognostic values (Loehberg et al., 2013) . SIAH seems to be a better, more sensitive and therapy-responsive biomarker than Ki67 in breast cancer (Figs. 1 and 5, and Supplemental Fig. S1 ). The prognostic value of SIAH and EGFR expression in locally advanced and metastatic breast cancer is superior and/or comparable to LN status and established clinicopathological predictors (AUC and ROC curves, Fig. 5 ). This SIAH/ EGFR-centered biomarker panel may be used to determine tumor response to NST, tailor and optimize NST, and improve patient survival in the future. Importantly, our results show that therapy-induced reduction in SIAH and/or EGFR expression reflects RAS pathway activation/inactivation, and outperforms ER, PR, HER2 and Ki67 as a promising and prognostic biomarker in invasive and metastatic breast cancer. SIAH is expressed in 97.8% treatment-naïve breast cancer whereas EGFR is expressed in 20% of untreated population. Thus, the prognostic value of SIAH outperforms EGFR in malignant breast cancer (Figs. 2, 3 , 4 and 5). Conceptually, SIAH and EGFR offer an accurate readout of therapeutic efficacy independent of tumor heterogeneity, thus providing a valuable window of opportunity to quantify tumor responses, to reduce drug toxicity and to improve therapy efficacy against invasive breast cancer in real time. A prospective study will be performed to validate the prognostic value and therapy-responsiveness of SIAH and EGFR, to forecast and monitor therapy-induced tumor regression, estimate NST efficacy, differentiate the "partial responders" and identify therapy-induced resistant clonal expansion, and to ultimately improve patient survival in the future. Supplementary data to this article can be found online at http://dx. doi.org/10.1016/j.ebiom.2016.08.014.
BWK and AHT are involved in data acquisition. AMTT and LSSVR generated the artistic schematic used in Fig. 5 . JSW and CFO are responsible for IHC staining and scoring. RJJ, RQ, LLSvR and AHT are responsible for data management, analysis, statistical analysis, and interpretation. RAH, RRP, CAA, EAH and DZC provide clinical guidance and administrative support. Fig. 6 . A schematic illustration of adding two RAS pathway biomarkers, SIAH and EGFR, to evaluate therapy efficacy, tumor response, and predict patient survival in breast cancer. SIAH and/ or EGFR expression can be used to monitor tumor responses and identify resistant tumor clones post-NST and stratify patients. SIAH and EGFR outperform ER, PR, HER2 and Ki67 as two robust, sensitive and prognostic biomarkers to predict survival in breast cancer patients with lymph node metastases. The prognostic power of SIAH and EGFR, alone or in combination, is comparable to the clinical gold standards of clinical predictors (LN positivity, mammary tumor size, grade, stage and molecular subtypes in combination), and imaging-guided technology. A marked reduction in SIAH/EGFR expression post-NST would indicate effective therapy and increased survival, while persistent high SIAH/EGFR expression post-NST would indicate ineffective therapy and decreased survival. We found that the reduction of SIAH and/or the changes in EGFR expression post-NST are prognostic in predicting patient survival, especially among partial responders. The therapy-induced changes in SIAH and EGFR expression are highly prognostic in identifying effective/ineffective therapies, differentiating partial responders, identifying resistant tumor clones and predicting remission/relapse in breast cancer patients with lymph node (LN) metastases in neoadjuvant settings. The identification of therapy-responsive and prognostic biomarkers is of paramount importance to stratify patients and guide therapies in clinical oncology and personalized medicine. By developing the two RAS pathway-centered prognostic biomarkers, we hope to identify, personalize, and synergize effective therapies, improve survival for breast cancer patients with metastatic diseases in the future.
